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Thin Fllm Microstructures: Simulation and Theory
A. Mazor, D. J. Srolovitz, P. 5. Hagan, and B. G. Bukiet

Los Alamos National Laboratory
Los Alamos, NM 87545

ABSTRACT ture.4 In Zone |, the crystallites tend to
have domed tops with rough surfaces Zone Il
The nature of the microstructure of grains have smooth matt surfaces. Finally, in
physical vapor-deposited films depends Zone Il the surfaces are referred to as
sensitively on the substrate temperature “bright”, based on optical microscopy.
during deposition. At low temperatures the

microstructure is porous and ballistic aggra- A number of suggestions have been made
gation-like, at intermediate temperatures the regarding the mechanisms underlying these
microstructure is columnar, and at elevated three microstructural zones. Ballistic aggre-

temperatures the grains are three dimensional. gation studiesS have predicted the porous
These different microstructural regimes are microstructure of Zone |, under the assumption
known as Zone |, Il, and Ill, respectively. A of negligible diffusion_at the lowest deposi-
theoretical analysis is presented in which the tion temperatures. These studies compare
temporal evolution of the columnar micro- favorably with the transmission electron
structure (Zone I1) is studied. The columnar microscopy observations.3 The transition to
microstructure is shown to be a balance Zone N with increasing temperature is
between shadowing (which resuits in 2Zone | generally viewed as due to increasing surface
microstructures) and surface diffusion (which giffusivity. This view s supported by the
tends to smooth the surface). In addition to Arrhenius grain size/temperature relation (at
predicting the proper microstructure, this fixed film thickness) which yields the same
analysis properly predicts the temperature at activation energy as for surface diffusion.6
which the Zone Il to Zone 1 microstruciural Additional support is provided by the simula-
transition occurs, Since bulk diffusion is tions of Muller.7 Based on activation energy
negligible and surface diffusion controls the determinations, the transition to Zone !l has
microstructure in Zone I, the microstructure been attributed to the importance of bulk
in the bulk of the film, may be viewed as diffusion at T >2.5Tm. However, recrystal-
fro’en and all  microstructural evolution lization and/or yrain growth have also been
occurs at the current, or active, surface. A suggested as possible candidates, respinsible
Monte Carlo computer simulation technique for this transition.

which models the microstructural evolution of

the surface i¢ presented. The simulation In the present paper, we present nalytical
lollows the te.'poral evolution of realistic and simulation results relating primarily to
three dimensiona. Zone Il microstructures and Zone |l microstructures. First, we propose a

accounts for arew.th competition between nonlinea- partial differential equation for
adjacent grains and the formation of film the space-time evolution of the microstruc-

texture. ture. This equation yields the onset tempera-
ture of Zone Il (i.e. T~ 0.2Ty), the band of

1. _INTRODUYGTION unstable modes, and the steady-state columnar

microstructures characterized by small amph-

The microstructure of physical vapor- tude, regular surface relie:. This matt sur-
depositey (PVD) films is “nown tu be sensitive face becomes smoother with increasing
to depositicn condition., among which the temperature. At T~05Tm, the surface is
substrate temperature T is of particular smooth over um length scales. In order to

importance. Three different types of micro- provide a more concrete picture nf the
structures have bheen identified for vapor microstructure and its development in the

deposited films corresponding to three dif- surface diffusion controlied, Zone Il regime,
ferent substrate temperature regimes.'.2 Zone we present Monte Cario computer simulation
| '0< T <« T, where Ty ~ 0.3 T, for metals, ~ results of Zone |l microstructural evolution.

024Ty for oxides, and Tn s the melting The microstructures, shown both parallel to
point of the film) is characterized by & and perpendicular to the growing surface, are
porous structure of crystallites separated by in excellent correspondence with experin.n-
voided regions, the thickness of which is of tally observed Zone Il microstructures. The
order a few hundred angstroms. In Zone |! (T, simulations explicitly consider both grain
< T < T, where T ~ 0.45Ty) the film is made up boundary energy and surface energy driven
of columnar-grains, separated by metallurgical microstructural evolution.
grain bouniuies i.e. no porosity, widths of
order 5-10 A). in Zone Il {1 > T) the . THE SURFACE EVOLUTION EQUATION
structure consists of equiaxed qrains. How-
ever, the microstructural fcatures n this We now propose a nonlinear one-dimensional
tone are sansitive to the type of matarial.? partial differential equation describing the
evolution of an arbitrary 1mitial surface pro-
The nature of the surfaces of these films is file, h(x,t = 0) under the joint influence
correlated with the underlying microstruc- of a constant uniform depomition rate J of




finite-size atoms (of radius 8), and surface
diffusion.8 The coordinate system employed is
indicated in Fig. 1. In the continuum limit
(8 +0) :te surface height grows uniformly

with a rate J. When the 'mpinging atoms are

of finite size (8 * 0), the local growth rate
of the surface depends on the surface
curvature. Following the suggestion of Leamy

et al.,9 we note that the center of an atom
sitting on & surface is actually at a height §
above the surface. This implies that the
deposition does not take place on the actual

surface h(x,t), but on an imaginary surface
displaced by § from h(x,t). Depending on the
surface curvature, K, the projected length of

an element of this imaginary surface on the «x-
axis is either greater or smaller than tne
projected length of the corresponding element
of h{x,t) (see Fig. 1). This implies that an
element of the surface (h(x,t)) receives a net
flux of atoms either greater (for K > 0) or
smaller (for K < 0% than ). A cmple
geoﬁmetruc constroction yields to leading order
in .

h
h =d+8JK =J =8 ——
f 5 W2
a+hh M
1 4
Deposition Flux, J
|

J T T T O

| )
8 hia b

< ‘,-::,I substrale

Figure 1. The film geometry (K is the surface
curvature).
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As mentioned above, surface diffusion plays

a major role the evolution of Zone |t
microstructures. Following Mullins,'? we de-
rive an expression describing the evolution of
an arbitrary surface due to surface dif-
fusion. Since the chemical potertial of an
atom on a curved surface is raised by u(};K (o is
the surface eneigy and Q is the atomiz volume)
over that of a tlat profile, the velocity of
atoms along the surface v, 1s

n

hy ™ l).\",“ 3K
P P S ML
' I\"I &N K"I A4S
where Dg 1s the surface diffusivity, KT s

the thermal energy and S is an element of arcfilm

along the surface. The surface current

821 07

where D, Do Qe/KgT. in Cartesian
coordinates, Eq. (2) may be written as

B 9 12 it W2
h‘ = - l)e 1+ hx) h“/(l A . (3)
X

The final ecuation describing the evolution
of the surface under the combined action of
surface diffusion and a constant deposition
rate of fimite size atoms is given by:

, -2
—l)e{<lfhf)
(l+hf)

Equation 4 may be written

h

xx

, W2
h /(l+h"‘)
X\ x

in dimensionless

h =d — &

(4)

3%

form by making the following change ot
variables:
8J \II‘Z 8J 12 82112
”—(EIT) (h—Jh.z—(EI—):) x,undt-ﬁ)jl.
This yields
H -2 H
Ho= -2 —=——) - il1+#? I——'— ’
. ((H"'z)w)‘ ( :) el (5)
2 Fl
or by writing g = H,/(1+H,2)1?
“'.:“"“2’:”{“2“""""“'2;1’23;;'.} . (6)
L4
IH. SURFACE EVOLUTION RESULTS
A. Linearized Results
The linearized version of Fq. (4) s
sufficient to predict the transition between
2ones | and Il. In the small slope limit Eq.
4 reduces to
hy=d-8h ~Dh N
Fourier decomposition of this equation yields
2 4
AT -D b
h(k.l):.ll+hoe‘ o , (8)
for a perturbation of a wavenumber k (or

wavelength A = 2n/k). The unstable (stable)
modes are associated with positive (negative)
arguments of the exponential in Eq. {8) (see
Fig. 2). A band of unstable modes exist be-
tw2en A = Ao (4u2D,/8))'2 and A = =, for an
unbounded system. The maximally unstable mode

has a wave'ength: Ay = (8n2D4/8J)1/2. These
results |mplr that perturbations of wave-
lengths smailer than the diffusion tength are

smoothed by the surface diffusion, whereas the
long wavelength perturbations grow unstably.
The nonlinear terms, however, saturate the
long wavelength instability into a relatively
small amplitude cotumnar surface profite (sce
below)

Although Eq. (4) is a continuum equation the
itselt is composed of discrete atoms

of This implies that length sciles smaller than a
atoms 1s given by ¢ v, where ¢ 1s the number of few 8 are meaningless.

As a consequence, when

atoms per unit area. Finally, the veloaty ofthe diffusivity is so small that the diffusion
the surface normal to itself s length, Ag(T), is smaller than a few 8, 1t s
as if Dy were identically zero in Eq 4

! Without this diffusion term to stabilire short

o V) S D VK (2) wavelengths, the surface profile 15 unstable



with respect to perturbations of effectively
any wavelength. Furthermore, the remaining
nonlinear terms in €Eq. 4 do not saturate any
of these perturbations.

e

Figure 2. The dimensionless

dispersion rela-
tion for the perturbation modes of wavenum-
bers k. ko and km are associated with the
shortest wavelength and maximally unstable
modes, respectively.

Equating Ag(T) with few & (we arbitrarily
use 58), i.e., 56 = [4n2D4(T)/8)]1/2, will
yield a critical temperature, T, above which
surface diffusion plays essentially any role
in the microstructural evolution. Since D4y i$
proportional to Ds, which depends exponen-
tially on temperature? (Ds = Do e QX8 where
Q =2 (5+20T/3TnIKaTm), T, is relatively insensi-
tive to variations around the minimum diffu-
sion length (~58). Choosing o0 = 103dyne/cm,
= 2 x 10-23 ¢cm, § = 4 x 108 cm, and ) = 10-6
cm/sec, the equality 58 = Ao(T) is satisfied at
T sTe=20.2Tmh. This temperature is very
close to the transition temperature Ty between
Zone | and Zone Il (Ty = 0.24T, for oxides
and 0.3 Tm for metals). We therefore conclude
that the change 'n microstructure occurring at
Ty = T¢ 1s associated with the onset of
effective surface diffusion.

B. Solution of the Nonlinear Growth Equation

While the linear analysis presented above is
capable of predicting Ty, 1t is incapable of
describing the experimentally observed colum-
nar grain structure of Zane Il The micro-
structure is determined by the surface profile
which is saturated by the nonlinear terms in
Eq. 4. Employing a mathematical technique
known as the “free energy” formalism we find
that Eq. 4 reaches a steaJv state described by

woaenh oA (9)

= )3 an integration constant.
equation 1s solved by

where - A
This differential

-n

3 -

n
(TN
2

2A .
-\;uml"(n,r! -~ 2VA L UR(n ) A =1,

x

VZTRW R < 281 /A) O tAls 1, —armnA - 0.

where

. 3
5 Figure .

o : i
(10) undetermined constant of integration A
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1~sin0
2

(
(

a4 = aresin

1—sin0
1+A

B =arcsin

2

2 g
vand O =arcsinlh® - A) .

A+l

-

F and E are incomplete elliptical integrals of
the first and second kinds, respectively.

The steady state profiles, corresponding to

Eqs. (9-10) are indicated in Fig. 3 for
several choices of the undetermined constant,
A

) These profiles are all oscillator and
periodic with a wavelength which decreases
monotonicaily with increasing A. For A > O,
these profiles may be described as circular
regions connected by lines of infinite siope.
Such profiles correspond to simple solutions
of Eq. 6, i.e. a sawtooth in g{x) between g

1 and -1. In order to demonstrate that these
solutions are stable steady states. we
numerically solve the full nonlinear, partial
differential growth equation (Eq. 6) for sin-
usoidal (Fig.4) and random (Fig.5) initial
conditions using an implicit, finite-
difference Crank-Nicolson scheme.8 These
numerical results clearly show that the
predicted steady state solutions (Eqs. 9 and
10) are stable. However, Fig. 5 shows that

once infinite slope regions are formed there
is little additional evolution of the profile
and hence the oscillations can be irregular
with no well defined wavelength. When the
initial deviations from a flat substrate are
small, the wavelength of the surface profile
will be determined by the maximally unstable
mode of the linearized equation (i.¢e. Ay, see
Section 1I1.A). This wavelength varies from
approximately 10-5<m at T = 03Ty to 10-4cm
at T = 0.5Tm and is of order the wavelength
of light., This roughness in the surface pro-
file may be the cause of the matted surface
finish in Zone Il

nt

The
4'

solutions

steady-state analytic
of the

Eq for various values
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It is of interest to note that the oscil-where agp and o5 are the grain boundary and
latory surface profile which consists of cir-surface “energy densities, respectively. For
cular’ caps is stable bkecause the gradient ingrain sizes, d, smaller than Am Eq. (11) |is
curvature along the surface is everywhere .erosatisfied by a smooth, circular surface be-
and hence there is r.o surface diffusion. Intween grain boundaries (see Fig. 6a). On the
real materials, where the surface energy isother hand, for d > Ay diffusion is incapable
not isotropic, the morphology of the steadyof smoothing the surface over length scales
state (no surface diffusion) film surface iscomparable to the grain size and the rough
not generally circular and may be determinedsurface morphology is obtained (Fig. 6b).

by use of a Wulff plot. For a large number of G, O,
materials, the surface energy anisotropy is PP .
such that the film surface will show faceted N o~ // ™~

oscillations. Such crystallo%raphically fac-
eted surfaces ate common morphological surface
features in vapor deposited films.

" d

Figure 6a. Smooth «circutar surface between
grain boundaries, for d < Am, where d is the
o : grain-size, and Am is the wavelength of the
maximally unstabic mode. o5 and ogp are the
surface and grain-ooundary energy densities,
v 12 respectively. ¢ is the opening angle of the

groove.

} n on

Figure 4. The steady-state numerical solution _. ) )
of Eq. 4, for a sinusoidal initial condition, Figure 6b. The rough surface morphology
as obtained at t = 1. Also shawn are obtained for d > Am (see text).
trans files. .
vent  profiles For d < Am (Fig. 6a), the tota!l ener?y of

the system is reduced by coarsening ot the

grain size. This coars"ning process, as dis-

Al Coy cussed above, only occurs by translation of
. the intersection o

the fgrain boundary with

the growing surface. iIf all of the circular
grain caps do not have the ‘ame curvature, a
net flux of atoms will occur across the grain
boundaries such that the velocity of the grain

t . boundary surface interaction paraliel to the
surface, v, is given by

v=aVK , (12)

where a is a constant. This implies that the
0 mean grair size, <d>, will grow as
0 in b

Figure 5. The steady-state numerical soiution
of Eq. 4, for a random initial condition, as
obtained at t = 2.4 Also shown are transient <d> x (13)

protiles. where ' and [ are constants and the second
relation is vatid 1n the himit that <d>3 » |}
(1.e. late times). A ti/3 growth law s
typical of diffusion limited growth process.
<d> is of order Am the surface morphology
changes from circularly capped grains to the
oscillatory profile indicated in Fig. 6b.
Since the spacing of the surface osallations
does not vary, once formed, <d> eventually
becomes fixed at <d> = A,. Therefore, a film
viewed in cross section will have grains which
on average, will increase in size with the
distance from the substrate and saturate at
<d> = \y.

<d>Y=zat+ p

C. Grain Boundary Effects

The surface profile is rmodified hy the
presence of grain boundaries intersecting the
growing surface. At the point of irter-
section, a yroove with an opening angle ¢ s
formed (see Fig. 6). This groove opening
angle .s determined by Young's equation to be

B Zooa l(;":—”-) (1‘)
'



In this grain growth analysis we limitedof the crystals, bounding the grain boundary,
ourselves to two spatial dimensions (i.e. athan the other, such that the grain boundary
one dimensional surface), where grain bound-migrates towards its center of curvature.

aries are lines. 1n a real film, grain bound-Except at early times where the surface
aries are interfaces that generally havecurvature may dominate, the evolution of grain
curvatures of order 1/<d>. Ignoring the sur-size during deposition is determined by the

face curvature for the moment, the rurvaturecurvature of the grain boundarits intersecting
of the grain boundaries themselves drives the the nominally two dimensional surface.

motion of grain boundaries at their points of

intersection with the surface. For this type The method employed in simulating the

of ?rowth we find the mean grain size <d> todevelopment of Zone I microstructures is
evolve in time as: identical to that proposed in Ref. 11, where
the interested reader is referred for details.

<d> =a'K xa%<d> (14a)Although this Monte Carlo simulation procedure

is essentially two dimensional in nature, the
microstructure of real films is three dimen-
sional. The correspondence between the simu-

cd> =am'? 14p) lation and film relies on the fact that in
¢ ( )Zone 1l the microstructure below the surface
where a" and a'' are constants. This t1/2is kinetically frozen in and all micro-

grain size dependence is stronger that the t1/3structural evolution occurs at the free
dependence noted in Eq. 13, thereby indicating sutface. Time in the two dimensional simula-
that the curvature of the grain boundary istion corresponds to distance from the sub-
more important in determining grain growthstrate (measured normal to the substrate).
kinetics than is the surface morphology. This relationship is due to the fact that at

Therefore an average grain will increase inconstant deposition rate, the froe surface
size with the second power of distance from moves away from the substrate at a fixed
the substrate and will not become pinned (at velocity. Therefore, the fllmv microsiructure
d~ Am). (paraliel to the surtace) at different depths
into the film may be obtained from the two

IV. MONTE CARLO SIMULATIONS OF ZONE I! dimensional simulated microstructure at
different times. Similarly, the microstruc-

Since the mobility of atoms on the surfaceture observed on cross-sectioning the film
greatly exceeds that in the bulk, the interior(@long any plane containing the substrate
of the film is effectivel frozen duringnormal) is obtained by plotting the position
deposition (for T < 0.5 Tm). Therefore, allof the grain boundar’es at each time step,
of the microstructural development of the filmabove the position of the grain boundaries at
must occur at the free surface, where the the previous time step.
depositinn flux is being incorporated into the i _ .
film. V. hiie the surface morpholugy is deter- The microstructure of a film simulated under
mined by the competition between a surfaceconditions of isotropic grain boundary and
curvature driven instability and surface dif-surface energy are indicated in Figs. 7 and 8.
fusion, the evolution of the grain siza during The kunk.s on the grain boundaries are results
deposition is deterinined by grain boundaryof the discreteness of the model and would be
curvature in the plane of the film. An atom,invisible in a micrograph of an actual film.
deposited on the surface of the film, is free Figure 7 shows that the mean grain size
tc diffuse until the next layer of atomsincreases as the free surface is approached.
deposited from the vapor bury it and render it Most of the grains that were present ai the
immobile. The area of the surface such ansubstraie have disappeared by the end of the

atom samples i1s dictated by the mean diffusion deposition/growth simulation. Their disao-
distance: Dy/J. In diffusing along the sur-geﬁfance is a result of the growth compe..’ on
face, the atom samples many different localbeiween adjacent grains. Some grains are sec>

environments with different atomic site ener-(Fig. 7, to initially increase in size, buy
gies. The probability that an atom maxes aeventually lose out to the surrounding grains.
transition from one site to another in a unitWhat apnears as nucleation of new grains in

time is ch. 7 is actually the impingement of a gramn
which did not initially intersect the plane of

ANK T (15) the figure. Similarly the apparent coales-

PAe cence of two grains is attributable to either

where AE 15 the difference in energy between the advance of a curved grain boundary towards
the new and old sites, A is a normalizationits center of curvatire {in a plane parallel
factor, and we have explicitly assurmed thatto the surface) or the real ~oalescence of two
the activation energy is identical for allgrains of lhike arientation. The distribution
inter-site transitions. While such tran-of grain sizes'2 is found to be independent of
sitions lead to surface diffusion, they alsothe depth ot the cross section provided that
control the evolution of grain size. Just as*he grain s zes are normalized by the mean
the difference in energy between an atom on agrain size. The rain size distribution s
flat and curved surface is proportional to the found to he roasonably well fit12 by:

surface energy and curvature, an atom sitting
at a grain boundary is sensitive to the grain P A ») Al A
boundary energy and the curvature of the nrain AR
boundary. Therefore an atom at a jrainwhere P(A/<A>) .5 the probability that a gramn
boundary finds i1t more favorable to join onehas area A/<A> The topological properties of

(16)
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In Figs. 9a-9c, show simulated micro-

0.4, 0.1,
figures also

w¢e

respectively. These

Although thisshow the mean grain size, <A>, and the frac-

predicts an average grain shape, the growthtion of grains with low surface energy orien-
competition makes it impossible to observetations, F, as a function of film thickness.
such a morphology. The resultant microstruc-The f = 0.4 film (Fig. 9a) closely resembles
ture does however, 2npear essentially the film microstructures observecd in the ab-
columnar. sence of surface energy anisotropy The
transformation to uniformly low energy surface
B A A g orientation (F = 1) occurs very rapidly and
o, AR S o then evolution is controlled solely by grain
Lo CR | boundary curvature. The evolution of the mean
! , {, ) ¢ . grain area, for this case, is linear over most
! g : ! of the film thickness, but shows a small per-
} . : turbation at small heights where the texture
R _ is evolving.
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Figure 7. Cross section of the film»o o5 o 00 5000 0009
perpendicular to the surface. F <A
Figure 9a. <Cross section of the film
perpendicular to the surface, for an initial
fraction, f = 0.4, of grains with low energy
orientations. Also shown are the mean grain-
size <A> and the fraction of grains, F, with
low surface energy orientations, as a function
of the film thickness.
. N
p Ty
P /
Figure 8. Cross section of the film parallel v v - /
to the substrate. v ! X v /
A;' ¢ '
Although we have assumed that all surfaces — / /
have the same energy, real crystalline ‘
materials show surface energy anisotiopy. The J ! . : //
effect of surface energy anisotropy on grain — /
rowth in thin metallic sheets s well = . Ch e
:orm"lf Providing the <heet is not too . ¢ A
thick, surface energy anisotro can lead to _. ‘
tertiary recrystanizg;,on or “?ey fast growth Figure 9b. As in (9a) but for f = 0.1,
of those grains with low surface energy.!3
One of the hallmarks of this effect is the These effects become increasingly pronounced
development of a strong crystallographicwith decreasing f (Figs. 9a-9¢). The micro-
texture (1.e the development of preferredstructures show a transition from a relatively

crystallographic orientation). Texture

ef-fine grain size near the substrate to a much
fects are also commonly observed in films,

|n more coarse grain size at larger h. This
order to study such effects on the micro-transition occurs at larger h for decreasing f
structural evolution of films, we have intro-at fixed surface energy anisotropy. The large
duced a surface energy anisotropy factor intoh grain size also increaset with decreasing f.
the Hamiltonian of the simulation model (see Examination of the F and <A > versus thickness
Eq. 3 of Ref 11) The imitial fraction ofplots show that this transition occurs near F



= 1 (1.e. when the texture development is
complete). The parabolic shape of the <A> vs.
h plot at small h is due to the initial fast
growth of the low surface energy grain into
the matrix of high surface energy grains
around them. The plots of F versus h
(especially for f 0.01) show a sideways sig-
mcidal behavior. This behavior may be des-
criped in terms of the Johnson-Mehl-Avrami
transformation kinetics equation:

?

{ ¢
,\ ‘\
i . ‘ ‘
. o
//I
/
‘/
5 20 RDD
F < AT
Figure 9¢. As in (9a) but for f = 0.01.
F =1 = epl-Ath=h
ta
1
hﬂ:’““‘”"(r—;)l (17)
where A is a constant and a is 2 for the
surface energy driven microstructural evolu-

tion case. Examination of the microstructure
of the film (paraliel to the surface) at
different depths (Fig. 10) shows a relatively

uniform microstructure near the surface and a
bimodal grain size distribution at interme-
diate depths. This variation is due to the

non-steady state grain growth occurring while
not complete

texture evolution
1)

is (e, F <

the film
different

of
at

10.
to

The microstructure

Figure
the substrate)

(parallel
depths.

. T

Qcl VI

V. CONCLUSION

Theoretical, numerical, and simulation
results have been presented which show that
columnar, Zone Ili film microstructures are
primarily controlled b the competition
between discrete atomic Jeposition and surface
diffusion. This model quantitatively des-
cribes the Zone | to Zone Il transition tem-
perature, the surface morphology, the columnar
grain structure, the film thickness dependence
of the grain size, and the development of film

texture. Future work willlextend the theoret-
ical analzsis to two dimensional surfaces,
address the effects of atomic shadowing on

Zone | microstructures, and eluciadate the Zone
il to Zone |l transition.
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